Introduction

Energy Situation, and Energy Storage Target
Mankind's high dependence on nonrenewable energy has led to increasing concerns on environment, climate, and human health. Meanwhile, the research and development on clean Silicon has been intensively studied as an anode material for lithium-ion batteries (LIB) because of its exceptionally high specific capacity. However, silicon-based anode materials usually suffer from large volume change during the charge and discharge process, leading to subsequent pulverization of silicon, loss of electric contact, and continuous side reactions. These transformations cause poor cycle life and hinder the wide commercialization of silicon for LIBs. The lithiation and delithiation behaviors, and the interphase reaction mechanisms, are progressively studied and understood. Various nanostructured silicon anodes are reported to exhibit both superior specific capacity and cycle life compared to commercial carbon-based anodes. However, some practical issues with nanostructured silicon cannot be ignored, and must be addressed if it is to be widely used in commercial LIBs. This Review outlines major impactful work on silicon-based anodes, and the most recent research directions in this field, specifically, the engineering of silicon architectures, the construction of silicon-based composites, and other performance-enhancement studies including electrolytes and binders. The burgeoning research efforts in the development of practical silicon electrodes, and full-cell silicon-based LIBs are specially stressed, which are key to the successful commercialization of silicon anodes, and large-scale deployment of next-generation high energy density LIBs.
Silicon Anodes
energy is becoming one of the prime topics of interest around the globe. On the one hand, clean energy from solar and wind has seen growing market size worldwide, leading to a strong demand for highly efficient energy conversion and storage devices for the wide utilization of clean energies. On the other hand, significant efforts have been devoted to the electrification of vehicles to reduce our reliance on petroleum, while correspondingly suitable energy storages devices are still under probe. Lithium-ion batteries (LIBs) have been adopted as the major energy storage technology for portable electronic devices and are also being considered for vastly different markets such as grid scale energy storage. Owing to their environmental benignity, relatively high energy density and stable performance, LIBs have found application across multiple industries. In the case of electric vehicles, the market size of LIBs can even surpass that of portable electronics. However, most EVs are not yet competent enough to replace traditional vehicles simply because of impractical driving ranges. The range from a single charge is dependent on the size/energy density of the battery. Increasing the size of the integrated battery not only increases the cost of the EV but also increases the mass of the whole electric vehicle, lowering the range. This dependence loop between cost, driving range, battery size, and total vehicle mass introduces an optimization problem and strongly depends on the system design of the EV. EVs with near practical ranges do exist in the market but the high cost from the large battery pack typically renders these too expensive. In this regard, batteries with higher energy and power density, lower cost, and improved safety are in great demand. According to the long-term goal set by the U.S. Advanced Battery Consortium LLC (USABC) to address the issue, energy density of a LIB pack system has to reach 235 Wh kg −1 or 500 Wh L −1 at a discharge rate of 1/3 C (1/3 C discharge rate indicates that a battery can be fully discharged in 3 hours), [1] in addition to the requirement of 15 years' calendar life and up to 1000 cycles. These requirements and practical needs in real applications have limited the chemistry selection of current commercially available LIBs to the marginally sufficient graphite versus lithium transition metal oxides cells. Therefore, new electrode materials and A LIB typically consists of an anode with relatively low electrode potential versus Li + /Li, a cathode with high potential, both of which soaked in a Li ion rich electrolyte and separated by a separator. Graphite and other carbon materials are the most widely used anode materials for LIBs due to their high abundance, low cost, stable performance in Li storage. Common cathode materials include Li metal oxides (LiCoO 2 , LiMn 2 O 4 ), and Li metal phosphates (LiFePO 4 ). Like graphite anodes, the above cathode materials also undergo reversible intercalation reactions during the charge and discharge process in LIBs. The electrolyte used in LIBs usually consists of a solution of (LiPF 6 ) dissolved in carbonate-based solvents such as a mixture of ethylene carbonate and dimethyl carbonate. Separator is a layer of Li ion permeable membrane that prevents the direct contact between anode and cathode. While the separator and electrolytes are important components of a cell, research and development in electrode materials bear significant interest because the major cost and weight of a LIB stems from the electrodes. Furthermore, the performance of a LIB is largely dominated by the quality of the electrodes. A capacity increase in anode and cathode can thus contribute to an overall increase of LIB's energy density, decrease the required mass of battery pack, and allow for the crucial wide employment of LIBs in vehicles.
Reaction Mechanisms, Challenges, and Prospects of Si Anodes
Si has received tremendous attention as an anode material because of several advantages. First, Si presents a capacity of around 4200 mA h g −1 upon full lithiation with the formation of Li 22 Si 5 . Second, Si anodes have a relatively low discharge potential plateau ≈0.4 V versus Li + /Li of which can contribute to high working voltage when paired with a cathode, leading to a high energy density in a full LIB. Third, there is high abundance of Si element in the earth crust and the cost to obtain both single crystalline and polycrystalline Si has dropped to a range that can be accepted for electrode applications. There are other merits of Si, such as good environmental compatibility, low toxicity, and relatively stable chemical property, and all these make Si a very promising candidate for next-generation Li battery anodes.
A series of Si-Li phases exists in the process of thermal alloying of Si and Li, including crystalline phases of LiSi, Li 12 Si 7 , Li 13 Si 4 , and Li 22 Si 5 . These crystalline phases tend to be more kinetically stable than the corresponding amorphous phases due to their lower formation energy. However, these crystalline phases are not always favorably formed during the actual electrochemical lithiation of Si. One atomic model of crystalline Si lithiation reported by Liu et al. vividly revealed ledge peeling process the Si (111) atomic facet by Li ions. [2] Through such as in situ NMR, [4] in situ atomic force microscopy, [5] and in situ scanning electron microscopy (SEM), [6] the understanding of reaction mechanism of Si in LIB are becoming more approachable.
One inevitable challenge with Si anodes, as well as other alloy-type anode materials, is their poor cycling stability due to the large volume change and the resulted effects during charge and discharge. Upon full lithiation, the volume of Si can expand to more than three times of its original value. The significant volume change poses a real challenge for Si electrodes to retain its morphology over cycling. Figure 2a illustrates the battery performance of a bare Si electrode with an average particle size of 10 µm. [7] The electrode successfully delivers a high discharge capacity in a half cell in the first cycle with Li as counter electrode. However, irreversible capacity in the first cycle is very high (2650 mA h g −1 ), which indicates that large amount of Li ions are irreversibly trapped in the Si electrode, or consumed in side reactions, rendering it inadequate for commercial applications. Even worse, the electrode degrades very fast and losses most of its capacity after only 10 cycles. Figure 2b-d shows a typical degradation process of a Si film electrode. Many cracks form after cycling and eventually significant amount of active material loses contact and detach from the electrode surface. [8] In order to engineer against these problems, one must first investigate and understand the underlying natural phenomenon that is occurring. As such, a lot of previous work has been allotted to uncover the exact failure modes of Si anodes. The large volume change of Si during lithiation/delithiation causes electrode failure mainly through the following three mechanisms.
Small 2018, 1702737 Reproduced with permission. [7] Copyright 2004, The Electrochemical Society. b-d) Topview scanning electron microscope images of electrode surface morphology obtained after 3, 8 , and 50 cycles, respectively. Reproduced with permission. [8] Copyright 2016, Nature Publishing Group.
(1) Large volume changes in the bulky films and particles lead to high internal stress on Si, causing pulverization of Si morphology. This phenomenon is common with several other alloy-type anode materials. (2) Upon constant volume change and pulverization, much of the active material loses electrical contact with its neighboring unit, conductive network, and current collector, and causes self-isolation of the active material and loss of electrical conductivity. (3) Large volume changes and pulverization of Si inevitably cause the repetitive growth and formation of an unstable SEI layer as shown in Figure 3 . [9] During the first lithiation step, electrolyte decomposes on the surface of Si anode and forms a self-passivating SEI layer. This SEI layer is majorly composed of polycarbonates, Li-based salts and oxides. It causes minimal Li-ion conduction resistance, but significantly limits electron flow. A thin passivating SEI layer can protect electrolyte from direct contact with Si and avoid further decomposition. [10] With the fracture of Si, fresh SEI continuously forms on the newly exposed Si surfaces. The formation of a stable SEI has been reported to be crucial for the long cycling of Si electrodes, however, excess continuous growth of SEI consumes significant amount of Li ions in electrolyte and further blocks electron conduction pathways deactivating Si. [11] Apart from the electrode degeneration issues of Si, the huge volume change poses severe challenges for the design and fabrication of multistack LIBs with Si anodes as the significant volume change of Si electrode may lead to the deformation of a full cell battery. Methods such as engineering void space to accommodating the volume change usually sacrifices the volumetric energy density of Si electrodes. [12] Tremendous efforts have been devoted on different aspects to address the aforementioned issues with Si, and we will systematically review these here.
The main discussion on the research efforts on Si anodes breaks down into three parts. The development of different Si robust nanostructures is first introduced, and this includes Si nanostructures from 0D materials such as nanoparticles (NPs), hollow NPs, 1D material like nanowires, 2D film-like Si, and 3D Si structures. In addition to the quest for different robust Si nanostructures, Si has been effectively combined with various conductive or protective materials to obtain improved performance in LIBs. In this category, Si/carbon composites with amorphous carbon, carbon nanotubes (CNTs), graphene, etc., have been discussed. Structures of Si composites have also been covered. Apart from Si/carbon composites, Si/polymer composites, Si alloys, and Si/metal oxide composites are also included here. Besides all the modification and decoration on Si itself, the effectiveness of binder materials, electrolytes, and electrode designs and fabrication techniques are explored as well and have been proved to play significant roles in obtaining improved performance of Si electrodes. Research on these practical aspects not only illuminates new directions for researchers, but more importantly serves as a valuable guide for future optimization of industrial production of Si-based LIBs. In addition to the discussion of the development of Si anodes in half cells, preliminary research efforts on Si anodes adopted in full cells with commercial cathodes or the developing sulfur electrodes are also reviewed. Full-cell tests provide firsthand specific gravimetric and volumetric energy densities of Si-based LIBs, with data that are directly comparable to commercial batteries. Finally, the review will conclude with a summary and provide an outlook for the development of Si-based LIBs. Figure 3 . Schematic illustration of the lithiation process of a) solid nanowires, with repetitive SEI formation on the surface after cycling, b) Si nanotubes, with a similar outcome that SEI continues to grow upon the shrinking and expansion of the nanotubes, and c) Si nanotubes with a mechanical constraining layer on the surface, where a thin and stable SEI layer is built. Reproduced with permission. [9] Copyright 2012, Nature Publishing Group. specific surface area and higher average binding energy per atom at the surface. [13] These materials can thus minimize the stress on them over volume change and avoid cracking or pulverization of their structures, and reduce irreversible capacity and enhance cycling stability. [14] The order of stress experienced by Si materials is also dependent on the morphology and crystallinity. On the one hand, according to the isoperimetric inequality of geometry, spheres have the least surface area compared to those in more complex shapes with the same volume. Stress on spheres are usually seen to be isotropic, while materials with higher dimensions such as Si nano thin films and NWs, have been reported to experience anisotropic volume changes due to both morphological properties and stress induced by adhesion to current collector. [15, 16] In addition to changes in morphology, there have also been reports about the crystallinity and size effects of Si on the structural stability during volumetric changes. Crystalline Si transforms to amorphous Si alloy during the first lithiation process. [17] Formation of amorphous Li/Si alloy is beneficial for its mechanical stability due to the experienced isotropic mechanical stress rather than anisotropic upon volume changes.
Robust Si
Another commonly employed strategy is through the use of porous and hollow Si. Compared to the solid particles of Si, 0D hollow Si spheres and porous Si particles can provide better accommodation for volume change due to larger specific surface area and greater tolerance for tensile stress. [18] Yao et al. reported interconnected Si hollow nanospheres with improved cycling stability and rate performance. [19] A template of hollow silica spheres was first prepared and cast onto a stainless-steel substrate. Next, a chemical vapor deposition (CVD) process was subsequently adopted using SiH 4 at 485 °C for 20 min. Finally the silica substrate was etched away with HF. The radius of the monodisperse silica spheres or the inner radius of Si spheres was measured to be around 175 nm, and the outer radius of Si spheres was around 200 nm, with the thickness of Si being around 25 nm. The hollow Si structure delivered a specific capacity of around 2725 mA h g −1 for first discharge, at a rate of C/10. After 700 cycles at C/2, the material still retained a capacity of 1420 mA h g −1 . Ge et al. reported a doping-etching method for synthesizing nanoporous Si in the application of LIB anode. [20] As shown in Figure 4 , commercial Si NPs were used as a starting material. Si NPs were first doped with boron, and then etched with AgNO 3 were more than 60 m 2 g −1 for porous Si prepared with different dopant contents. TEM images show more porosity of Si with increasing H 3 BO 3 /Si mass ratios. Differential capacity was studied as a function of cell potential for the first lithiation process, and the as-obtained doped porous Si showed the peak position for initial lithiation to be 0.12 V, which is lower than that of 0.15 V for undoped pristine Si. The lowering of onset lithiation potential may a result of the increased conductivity after boron doping, shortened Li-ion diffusion path, and the reduced intercalation energy of Li ions in doped porous Si, according to the density functional theory (DFT) calculations. Both cycling stability and rate performance of porous Si were much improved over the untreated Si NPs.
Xiao et al. have synthesized hierarchically porous Si nanospheres (hp-SiNS), which consist of a porous Si shell and a hollow core. [21] In situ TEM imaging was performed throughout different states of charge and discharge to understand the lithiation/delithiation behavior of the hp-SiNS. Porous-hollow silica particles were first synthesized through simultaneous hydroxylation and condensation of octadecyltrimethoxysilane and tetraethyl orthosilicate. After removal of organic species through calcination, porous-hollow silica particles were obtained. Reduction of SiO 2 to Si with Mg was performed to obtain hp-SiNS. Possessing pores of 3.2 nm with a hollow core size of around 300 nm and an overall particle size of 400 nm the material exhibited much improved performance. With a capacity of 1200 mA h g −1 at C/2 and 1850 mA h g −1 at C/10, and more importantly, no significant capacity loss was observed. In situ TEM confirmed that during initial stages of discharge, the lithiation of the Si begins on the surface of the particle and travels inward. What is interesting is the subsequent inward volumetric expansion of the inner Si toward the center of the sphere, shrinking the hollow core. The initial expansion of the outer shell introduced a stiff Li silicide physical barrier. Lithiation of inner Si would have a preference to expand inward to relieve its mechanical stress. Therefore, with the fracturing of the lithiated Si outer shell mitigated, the surface area of active material exposed to electrolyte is kept constant, ultimately reducing the continuous SEI growth and is reflected in its excellent cycle stability.
1D Si Nanostructures
The small diameter of 1D Si nanostructures largely avoids the initiation of fracture that can occur in bulk or micrometersized materials, and demonstrate good accommodation of stress and volume changes. In addition, 1D Si nanostructures possess good conductivity by better electrical contact between active material and conductive network or substrate, and present reduced impedance on the electrode/electrolyte interface. Widely studied 1D Si materials include Si nanowires (NWs), Si nanofibers, Si nanotubes, etc. Unlike particulate Si, which can be prepared via mechanical milling, synthesis of 1D Si structures usually requires more complex chemical process. In the application of LIBs, CVD is most commonly reported among all techniques for the fabrication of Si NWs. [22, 23] Other techniques for the synthesis of 1D Si structures include molecular beam epitaxy (MBE), laser ablation, SiO evaporation, and solution-based synthesis. [24] To the best of our knowledge, the first research on the electrochemical lithiation of Si NWs was reported by Zhou et al. in 1999 . [25] Another research paper was published by the same group in 2000, and these Si NWs were first adopted as a LIB anode material. [26] In the subsequent few years, there were only several papers discussing the 1D Si materials in the application of LIBs. [27] Thus far, majority of the research on 1D Si materials was still focused on their lithiation behaviors, or doping effects. Although vapor-liquid-solid (VLS) mechanism was proposed for the synthesis of Si NWs decades ago, 1D Si materials reported in LIBs were mainly prepared via laser ablation, or lithography. More recent research on Si NWs in LIBs did not appear until 2008, when two groups almost concurrently researched their electrochemical properties in LIBs, both of the work using Si NWs synthesized via VLS mechanism. [23, 28] Chan et al. conducted a comprehensive study of the challenges with bulky Si film and particles, and exhibited advantages of nanowire morphology for Si in the application of LIB anodes. The authors designed a directly grown, binder-free, and conductive-additive-free Si electrode. Si NWs were grown on the stainless steel substrate using SiH 4 as Si precursor and Au as a catalyst. The reaction was conducted at a temperature of 530 °C with pressure of 30 Torr in a CVD chamber. The reported Si NW electrode can provide enough space for volume expansion, and the nanowires have good capability in relaxing stress induced from volume change. Direct growth of the nanowires also ensures the good electrical conductivity between the active material and the current collector. The authors reported an initial specific capacity of 4277 mA h g −1 for lithiation, allegedly equivalent to the theoretical capacity within the range of experimental error. The subsequent delithiation presented a specific capacity of 3124 mA h g −1 , both of the values higher than previously reported. The lithiation capacity was stabilized at around 3500 mA h g −1 for 20 cycles at a rate of C/5. Unlike Si films with thickness greater than 2 µm, Si NWs do not show the recrystallization process during deep discharge to 20 mV. [29] This also resonates with our discussion above that nanostructured Si facilitates isotropic stress relaxation during lithiation and delithiation processes. The significance of Chan's work not only lies in the discovery of performance increase by 1D Si, but also sheds light on the exploration of more sophisticated Si structures. Ever since, there have been intensive studies on developing Si anodes based on Si NWs and other Si nanostructures with advantages in various aspects, as well as on the lithiation mechanism. [22, 30] Si nanofibers, another type of 1D Si materials, are mostly produced via spinning, including electrospinning methods, or prepared with the support of a fiber substrate. [31, 32] Lee et al. reported a LIB anode using electrospun 3D mesoporous Si nanofibers, in which primary Si NPs interconnected and formed a secondary mesoporous fiber structure, with enhanced electron and Li + diffusion compared to Si NPs. [33] A soft Si anode was realized by Xiao et al. with a flexible composite of Si/Ni/ polyvinylidenefluoride (PVDF) fiber. [34] As shown in Figure 5 , a PVDF membrane was fabricated via an electrospinning process, and used as the backbone for the subsequent Ni deposition and Si coating. Although the polymer substrate provided good flexibility and robustness, it was however not electrically conductive. The deposition of a thin Ni layer transformed the nonconductive polymer into a conductive network. Thus far, a coaxial Ni/PVDF nanofiber network was prepared and ready to be used as the substrate for Si coating as well as the current collector. Amorphous Si was coated on the fiber substrate using a radio-frequency (RF) magnetron sputtering technique. It is interesting to note that the structure of the Si/Ni/PVDF coaxial nanofiber maintained good stability, the surface of Si remained mostly intact, and most of Si coating firmly attached to the PVDF backbone after 200 cycles (Figure 5d ,e). This provided insight into the benefits of this system and could explain the good electrochemical performance, shown in Figure 5f . Various charge and discharge rates were applied, and the electrode was electrochemically stable at high rates such as 10 and 20 C.
Si nanotubes have recently aroused a lot of research interests in the application of LIB anodes due to their unique 1D hollow structure. [9, [35] [36] [37] Compared to Si NWs and nanofibers, Si nanotubes usually bear a much higher specific surface area due to their hollow structure. Park et al. attributed the high rate performance of their Si nanotube anode to the high surface area of Si nanotubes. A larger Si/electrolyte interface allows the Li insertion to take place from both the inner and outer wall of the nanotubes. [37] In addition, the hollow space inside the tubes can play a significant role in maintaining the structure of Si, because the stress from volume change are now allowed to be released both inward and outward. The macroscopic volume change of the Si nanotube electrode can be controlled to be much less than that of regular Si structures, which expand around 300% at full lithiation. Interestingly, Song et al. managed to investigate and elucidate the underlying principles for the improved electrochemical performance of Si nanotubes. [35] Two major considerations were taken during the modeling.
First was isotropic expansion of Si associated with Li insertion (stress free), while the second was the expansion from stresses (i.e., misfit stresses) that were caused by the filling of vacancies between Si atoms by Li atoms. [38] The changes in radial and axial aspects were derived and expressed in the following equation
In this equation, R out , R in , and h are the outer radius, inner radius, and the height of the nanotubes respectively. E and v stand for Young's modulus and Poisson's ratio of the material. σ* is the misfit stress inside the alloy, and λ is the function of the misfit distribution. Equation (1) can be adapted to describe the expansion behavior of Si NWs by simply taking R in as 0.
2D Si Nanostructures
Si thin films have received much attention in the application of LIB anodes due to the much improved electrochemical performance, as well as their simple electrode configuration. [39] The research of Si thin films in LIBs can be dated back to early 2000s. [29, 40, 41] In general, Si thin films can be prepared by two common techniques: CVD and physical vapor deposition (PVD). Similar to the synthetic process of Si NWs, gaseous Si-containing precursors decompose in a CVD chamber at elevated temperatures between 500 and 1000 °C, with the presence of a catalytic substrate. In the application of LIBs, common catalytic substrates include stainless steel, Cu, Ni, or Ti. Si thin films prepared via CVD usually have polycrystalline structures. PVD, a term commonly is known to describe various vacuum deposition methods for the fabrication of not only Si but also a whole repertoire of thin-film materials. The Si precursors for PVD can have very high purity or can be purposely doped according to the final application. [42] Ohara et al. examined an n-type Si thin film deposited on Ni foil in LIBs, and observed extremely high capacity and long cycle life. [40] The authors found n-type Si film outperformed the intrinsic Si and the p-type Si films in terms of capacity and cycling stability. Three thicknesses were examined, including 500, 1000, and 1500 Å. The 500 Å film delivered the highest specific capacity and the best durability, achieving a reversible capacity of ≈3800 and 3600 mA h g −1 at 1 and 2 C, respectively, after 200 cycles. The 500 Å thick n-doped Si film also showed great rate performance. The electrode was able to deliver a specific capacity of around 3000 mA h g −1 after 1000 cycles at 12 C, which corresponded to a charge/discharge time of around 5 min. In this case, the superior performance was largely explained by the excellent conductivity of the electrode due to its thin structure. One should note that while literature demonstrated a promising example of Si thin film for LIB anodes, the commercial LIB electrodes usually bore an areal capacity of 1.5-2 mA h cm −2 , which required the thickness of Si thin films to be a few micrometers. The problem of Si areal mass loading had as expected, posed a detrimental challenge for the practical application of Si thin films in commercial LIBs.
The Resurrection of Micrometer-Sized Si and Si-Based Structures
Despite the unique benefits of nanosized Si, the inevitable disadvantages such as low tap/pressing density, low Coulombic efficiency (CE), and complex synthesis have hindered its wide applications. [43] Hence, it is meaningful and practical to engineer micrometer-sized structures, with characteristics of nanosized Si. This approach cannot only retain the advantages of nanosized Si, but also eliminate the associated drawbacks of it. The lithiation and electrochemical behavior of micrometersized Si was studied in 1990s and early 2000s, prior to the wide-spread research efforts on various Si nanostructures. [44] However, the intrinsic properties of Si had limited the development of micro-sized Si. Some significant breakthroughs with micrometer-sized Si were later achieved, largely due to the successful development of various Si nanostructures.
In general, there are two methodologies for the design of micrometer-sized Si with improved cycling performance in a LIB. One is the engineering of 3D structures of Si, with nanocharacteristics, such as nanopores, nanograins. [45] The other methodology is to incorporate nanosized Si onto a micrometer-sized host, such as graphite, and various carbon frameworks. [46] [47] [48] 3D Si-based anode materials are of great interest as they can absorb the advantages of nanostructures from 0D to 2D, while extend these merits to a 3D scale. The inherent features of nanostructures such as nanosized Si, nanopores on both Si structures and Si composites, can help avoid Si pulverization due to repetitive charge and discharge. In addition, these features can also provide necessary space for volume change to maintain the electrode integrity, and facilitate electrolyte diffusion inside the 3D structures.
In 2008, Kim et al. developed a 3D carbon-coated Si electrode from bulk Si particles. [49] The macroscopical morphology of the bulk Si precursor well maintained its morphology after the pore-generating process, with sizes of which ranged from a few to near 100 µm. Plenty of nanosized "octopus-foot-like" voids were created, with thickness of Si walls being around 40 nm (Figure 6a) . The specific surface area of the 3D c-Si reached 158 m 2 g −1 , proving its high porosity. As one of the earliest researches probing the nanomorphologies of Si anode materials, the 3D c-Si electrode displayed very compelling cycle performance. The electrode showed an initial capacity of above 2800 mA h g −1 , and retained over 99% of its capacity after 100 cycles at 0.2 C. When a higher current of 1 C was applied, the electrode successfully retained 90% of its original capacity. These capacity retentions were superior to all previous reports with Si anodes, which stemmed from the benefits from both 3D Si nanowalls and large number of nanopores. More recently, Yi et al. have successfully synthesized micrometer-sized Si, with an interconnected structure of Si and carbon, using SiO as the starting material ( Figure 6b ). [50] The Si-C composite exhibits an reversible capacity of 1675 mA h g −1 at 400 mA g −1 and has 96.6% capacity retention after 50 cycles. The Si-C electrode maintains high specific capacities of 1100 and 700 mA h g −1 at high currents of 6.4 and 12.8 A g −1 , respectively ( Figure 6c ). This excellent performance can be explained by the nanoscale nature of Si and carbon building blocks. The interconnected Si-C network at micrometer scale can ensure good structural integrity and electrical conductivity.
In addition to the engineering of micrometer-sized Si with nanofeatures, the incorporation of nano-Si onto a micrometer host is a more universal approach, and has obtained fruitful achievements. [51, 52] Graphite, the current mainstream anode material, has been the dominant anode material throughout commercial LIBs' history. Good cycling stability, low cost, and a few other merits have granted graphite its current status. It is therefore highly desirable for Si-based anodes to retain these merits while maintaining its high capacity for Li ions in order for Si to secure its presence in the anode market. A combination of Si and graphite is a realistic way to obtain the desired stable anode, with proper balancing between the loading amount of graphite and Si, and careful engineering. Efforts on the combination of Si and graphite can be dated back to the beginning of 21st century, when most of the Si/graphite composites were prepared via mechanical mixing, such as grinding or ball milling. [53] Remarkable capacity increase has been observed with these composites. However, mechanical mixing inevitably introduces structural damages to graphite, which deteriorates the stability of SEI formed on the surface of graphite and leads to quick deterioration of the electrode. In addition, the unbound Si particles in this type of electrodes can easily lose their connections with the conductive network due to volume change and the repetitive growth of SEI. Thus, it is critical to tailor the morphology, and the ratio of Si in the composite to maximize the benefits of the combination of Si and graphite.
Ko et al. have developed a scalable method for the synthesis of silicon-nanolayer-embedded-graphite (SGC) based on commercial graphite. [54] In their work, Si nanolayer was uniformly grown on both the surface, and the internal pores of graphite via a CVD process (Figure 7a ). The subsequent carbon coating generates a thin carbon layer on Si surface (Figure 7b ,c). The Si nanolayer, distributed throughout the graphite particles and internal pores, significantly contributes to the capacity increase of the composite. Meanwhile, the nanosize nature of the Si layer can not only effectively accommodate the induced stress during lithiation and delithiation, but also provide fast Li-ion transport without creating significant hindrance on the diffusion of Li to graphite. The thin-layer C coating on Si improves the electric and ionic conductivity of the composite, and facilitates the stable formation of SEI. When the Si content was manipulated to be 6% in weight in the SGC composite, the reversible specific capacity reached 517 mA h g −1 , with a very high initial CE of 92%, identical to that of the raw graphite used in this work. In addition, the cycling stability of the composite electrode resembled that of the graphite anode, confirming Si's commercial relevancy in terms of both superior capacity and cycling stability. It is also important to note that a full-cell LIB of this composite with LiCoO 2 as cathode was fabricated. The areal capacity the SGC anode was controlled to be 3.3 mA h cm −2 , slightly higher than that of the commercial LiCoO 2 cathode (Figure 7d ). The stability of the LiCoO 2 /SGC cell was comparable to that of the LiCoO 2 /G cell, at various rates up to 3C (Figure 7e ). 92% capacity retention was achieved after 100 cycles. Minor deformation on the charge/discharge profile can be observed at both increased rates and extended cycles (Figure 7f,g ), confirming the stable nature of the SGC electrode. More impressively, energy density of the full-cell device was calculated to be 1043 Wh L −1 , and the average voltage was around 3.77 V. In virtue of the above-mentioned benefits, this SGC composite has demonstrated a potentially applicable approach to increase the capacity of current graphite anode by combining with Si while taking electrochemical performance, actual battery design, and scalable production into consideration.
Another approach of interest is to integrate nanosized Si with micrometer-sized carbon frameworks. In this approach, Si can be well distributed in the secondary structure, and the embedding of Si is usually accomplished simultaneously with the formation of micrometer-sized Si composite. The accessory materials and the reaction conditions can be easily controlled to tune the morphology of secondary particles. Specific surface area of the material can be reduced to favor the formation of a stable SEI. It is desirable to tailor appropriate voids inside the micrometer particles to function as buffer zone for Si volume change, maintaining the robust structure and conductive network. Compared to pure Si nanostructures, secondary micrometer-sized Si structures usually present a higher tap density, which is a crucial factor in the design of practical LIBs. Methods for the fabrication of micrometer-sized Si structures include spray-dry, [52] nebulized-spray-pyrolysis, [47] CVD, [55] etc., and the raw material selection for the formation of carbon frameworks can also be broad.
Xu et al. reported a type of watermelon-inspired Si/C microspheres, in which hierarchical buffer structure and optimized Small 2018, 1702737 Figure 6 . a) SEM images of 3D porous Si-C particles at different magnifications. Reproduced with permission. [49] Copyright 2008, Wiley-VCH. b) Schematic drawing of the synthetic procedure of micrometer-sized interconnected Si-C structure. c) Cycling performance of Si-C electrodes at 400 mA g −1 , and multiple rates. Reproduced with permission. [50] Copyright 2013, Wiley-VCH.
size distribution were reportedly carefully designed and tuned. [56] As illustrated in the schematic in Figure 8a -c, Si NPs with carbon coating were evenly distributed in the matrix of flake graphite, and another layer of carbon deposition was conducted to prevent the loosening of the microspheres and further increase the tap density of the spheres.
The size variation among particles can reduce dead space in between particles and can be beneficial to dense packing. The tap density of the as-prepared Si/C microspheres was measured to be 0.88 g cm −3 , much higher than that of the nano-Si particles (0.21 g cm −3 ), and this is of great significance in the construction of densely packed electrodes. The mass loading Small 2018, 1702737 Figure 7 . a) SEM image of cross-section SGC composite. b) HR-TEM image at the interfacial region of the SGC composite, with fast Fourier transform images inset at specific regions. c) STEM images for elemental mapping by energy-dispersive spectroscopy. d) Cycle performance of LiCoO 2 /G and LiCoO 2 /SGC composites at a charge rate of 0.5 C and discharge rate of 1 C, respectively, in a potential window of 2.5-4.35 V. e) Rate capability tests of LiCoO 2 /G and LiCoO 2 /SGC batteries at various discharge rates from 0.2 to 3 C. f) Charge/discharge profiles of LiCoO 2 /SGC of different cycles. g) Charge/discharge profiles of LiCoO 2 /SGC at different rates. Adapted with permission. [54] Copyright 2016, Nature Publishing Group.
of Si/C microspheres reached 4.1 mg cm −2 , contributing to an areal capacity of 2.54 mA h cm −2 . It is interesting to note that the initial CE of this material reached 89.3%, which the authors attributed to the hierarchical structure of Si/C microsphere that allows full penetration of electrolyte, and the good electronic and ionic transport in the carbon-based framework. Liu et al. constructed a pomegranate-like structure with carefully tailored conductive carbon framework and internal void between Si and carbon. [57] As shown in Figure 8d [56] Copyright 2016, Wiley-VCH. d) Schematic of the fabrication process for Si pomegranates, e-g) low-magnification, high-magnification SEM images, and TEM image of Si pomegranates. Reproduced with permission. [57] Copyright 2014, Nature Publishing Group.
SiO 2 was deliberately coated on the surface of Si NPs, before the resorcinol-formaldehyde polymerization and the subsequent carbonization of polymer coating. HF was later used to remove the SiO 2 layer and create the desired void space that can accommodate the volume change of Si during charge and discharge process. The secondary particles have a good spherical shape and the diameter ranges from 0.5 to 5 µm. Si NPs, carbon framework, and the well-defined voids can be clearly observed in the SEM and TEM microscopic images. An increase of tap density from 0.15 to 0.53 g cm −3 was achieved with the formation of the secondary pomegranate structure from Si NPs. The authors reported a high volumetric capacity of 1270 mA h cm −3 of the Si pomegranate electrode, which is twice that of commercial graphite anodes. Extra-long cycling of the electrode was also displayed with 97% capacity retention after 1000 cycles.
Versatile Si-Based Composites
Apart from the quests for different morphologies of Si, Si-based composites are another focus for the development of highperformance Si anodes. Si-based composites have been widely studied to overcome the difficulties of Si anodes resulting from the intrinsic properties of Si. As previously discussed, notorious issues with Si anodes arises from the significant volume changes, including electrode structure degradation, loss of contact points between active material and conductive network, and unstable SEI formation. It is impossible to tackle all these issues by solely engineering Si morphologies. Different carbon-based conductive additives have proven to be essential for the electrode conductivity improvements in LIB electrodes and as a result, the electrochemical performance of electrode. These conductive materials have also been found to be vital for the improvement of Si electrodes, not only by the enhancement of the electrical conductivity of Si electrodes, but also in some cases, buffering the volume change of Si during lithiation process, and stabilizing the SEI. Thanks to the size effect of nanomaterials, nanosized Si anodes have shown significant improvement over micrometer-sized Si. With the presence of conductive additives in the slurry composition, these nanosized Si achieved further improvements, benefiting from better electrical conductivity and accommodation for volume change. [58] In 1999, Li et al. used laser-induced silane gas reaction and prepared pure nanoscale Si powder with a mean diameter of 78 nm. They presented a capacity of around 1400 mA h g −1 after 20 cycles with their Si electrode that contained 40% Si, 40% carbon black, and 20% PVDF binder. [59] However, simple addition of conductive agents cannot provide an intact and robust matrix protecting Si and stabilizing SEI, and thus the performance improvement is limited. Tremendous efforts have been made to create more efficient conductive and protective networks. The opportunity for using composite materials can allow the research community to imagine quite creative designs, achieving high performance while providing valuable insight on key mechanisms. By dwelling into these novel avenues of thought, a simple and elegant design could arise sometime in the near future and the long-sought-after Si anode will finally become a viable commercial reality. In the following sections, this review will provide a comprehensive overview of the work that has been done on a variety of Si composites, including various Si/C composites, [60, 61] Si/graphene [62, 63] and Si/CNT composites, [64, 65] Si/conductive polymers, [66] Si alloys [67, 68] and Si/metal oxide composites, [69] etc.
Simple Si/C Composites, Si/C Core-Shell and Yolk-Shell Composites
Before the thriving of research on various Si morphologies, the combinations of Si particles with carbonaceous materials were found to be an effective approach to improve Si anodes. A carbon-based matrix support can not only provide a conductive network for the Si active material, but also accommodate the mechanical stress of the active phase over the up-take and release of Li in Si. One widely used method for the mixing of Si and carbon materials is high-energy ball milling, in which Si and carbon precursors are milled in a jar filled with inert gas. Solution-based mixing is another commonly used method for the construction of Si/C composites. A pyrolysis step is usually followed to carbonize the carbon-containing micro molecules or polymers. [70] Si et al. studied the effects of both the size of Si particles and the precursor polymers on the electrochemical performance of their Si/C composites. [71] The size of Si particles included 10 µm, 4 µm, 0.7 µm, and 50 nm. Polyvinyl chloride (PVC) or chlorinated polyethylene mixed with Si was thermally decomposed into carbon and formed a Si/C composite. The variation of chlorine content in the polymers largely affected the yield of carbon, thus their structure and physical properties after pyrolysis. These composites with nanosized Si outperformed the composites with bigger Si particles. Chlorine content in polymers and the ratio of polymer in Si/polymer mixtures were both found to be effective in affecting the electrode performance. Takeda et al. aimed at finding a suitable precursor for the pyrolyzed Si/C composites, and they found the fluorine-containing precursors have a substantial improvement over the bare nano-Si particles. [72] In their study, Si/C composite with PVDF-generated carbon showed significant improvement in stability over bare Si NPs. In addition, the CE of the Si/C composite was increased to 75% compared to 66% of the bare Si NPs. More interestingly, there was also an increase of the capacity retention rate over other commonly used carbon sources including PVC, pitch, sucrose, etc.
Beyond the improvement of Si anodes by addition of carbon via simple mixing or pyrolysis of carbon precursors, Si/carbon composites have been advanced with more delicate core-shell design, and the introduction of void space in between Si and carbon. The Si/C core-shell design was first proposed and realized in order to solve the electrical conductivity issue, and the repetitive SEI growth on the surface of Si. Jung et al. demonstrated a Si/C composite via the carbonization of resorcinol formaldehyde on the surface of Si NPs. [73] They attributed the improved cycling stability to the stable conductive network arising from the enhanced contact between Si and coated carbon. SEI formation on the surface of Si was briefly mentioned, without much stress on its effect. Authors also observed cracks on carbon shell, which might be a plausible cause for the capacity decay, however, no solution was provided. Additional work has been reported on core-shell Si/C composites, with modified methodologies and synthetic routes. [60, 74] Various Si morphologies have been adopted in the design of core-shell Si/C composites, combining the advantage of both versatile Si morphologies and the core-shell structures. [31, 75, 76] Due to the significant volume change of Si during Li insertion and extraction process, rigid Si composites usually tend to lose their structural integrity over cycles. Stress generated from Si expansion leads to the breakdown of surface coating layer, and the detachment of Si from the conductive network. Furthermore, the constant volume change detaches any SEI layer formed on the surface of Si, this leads to constant generation of electrically insulating material which over many cycles can significantly increase the resistance in the electrode. Hence, the void space in between the carbon shell and the Si core in a Si/C composite is critical in maintaining the composite morphology and to stabilize the SEI on the surface of the composite over cycling. In addition, to avoid excess isolation of Si from Li + in electrolyte by the carbon shell, consideration has been given to the creation of pores on the carbon shell. [77] Li et al. reported a hollow core-shell structured Si/C composite for LIB anode in 2012, intentionally introduced void space between Si core and carbon shell by etching away SiO 2 from the surface of Si NPs precursor. [76] Shortly after that, Liu et al. first used the term "yolk-shell" for their alloy-type anodes, in which Si/C composite displayed a high specific capacity of around 1500 mA h g −1 at 1 C, and excellent durability, with 75% capacity retention after 1000 cycles. [78] Carbon coating over Si was largely reserved after cycling, and volume expansion of Si was less disruptive to the conductive network compared to core-shell Si/C composites without void space. A stable and thin SEI was observed on the surface of carbon, owing to the rigid carbon shell that minimized the volume change effect of Si on the SEI and limited direct contact between Si and electrolyte.
Investigating deeper into the mechanism of coated Si composites, Xiao et al. first demonstrated that the york-shell structure could effectively suppress the breathing effect of Si electrode. [79] In situ TEM images in Figure 9a ,b vividly illustrated the yolk-shell morphology, in which free space was created between C shell and Si NP. This design can accommodate the significant stress from Si volume expansion and contraction during the charge and discharge process. In addition, the majority of SEI will form on C shell, which has much less expansion comparing with Si. As a result, the SEI layer can be stabilized and leads to high cycle efficiency. Figure 9c compares both the charge and discharge profiles, and the electrode thickness changes between regular Si NP electrode and yolk-shell Si/C electrode over cycling time. Their in situ electrochemical dilatometer results show that the thickness of Si NPs based electrode has about 40% irreversible expansion and then 50% reversible changes during the charge and discharge. The large thickness change would cause the movement of battery tabs and eventually cause the failure of the battery pack. In contrast, with the yolk-shell structure, the electrode thickness can be suppressed down to 5%, which meets the requirement of battery pack design. The stress induced from lithiation can also be reduced as evidenced by Figure 9d .
To further explore the merits of voids and pores in Si/C composites, Yang et al. designed a yolk-shell Si mesoporous carbon composite, in which both voids and pores are carefully tailored. [77] In their work, Si NPs were first encapsulated by a solid SiO 2 layer, followed by the coating of another porous SiO 2 template for C growth via the pyrolysis of phenolic resin precursor at high temperature. Both the SiO 2 layers were subsequently removed by HF etching, leaving void space in between Si and C, and abundant pores on the carbon shell. The authors have taken the advantages of several key features of the composite. Nano-sized Si active material prevents the electrode from Small 2018, 1702737 failing due to Si pulverization, and the carbon coating provide a conductive network for Si. The created void between Si and C allows sufficient space for Si volume change, and helps improve the structure stability. The pores on the carbon shell can function as active Li + diffusion pathway. The composite exhibited long cycle life and good rate capability, with 80% capacity retention after 400 cycles, and 62.3% capacity retention when a high current density of 8.4 A g −1 was applied.
Si/Graphene and Si/CNT Composites
Fundamentally speaking, graphene is a monolayer carbon allotrope with 2D morphology. Carbon atoms are chemically bonded in a hexagonal pattern similar to that of a planar honeycomb. Although the existence of 2D monolayer graphene crystal was widely accepted by scientists, it was not until 2004 that the miraculous superstar material made its inception. [80] In just over a decade, graphene has attracted tremendous attention and research interests from a wide spectrum of areas owing to its spectacular electronic, mechanical, and surface properties. [81] By applying different synthetic routes, graphene with different characteristics and properties can be prepared for various applications. In the case of LIBs, graphene has demonstrated good capability in reversibly storing Li, [82] as well as improving the performance of both cathode and anode materials. [83] With an excellent electrical conductivity and superb mechanical properties, graphene has also been able to greatly relieve the symptoms with Si anodes. The research progress of the application of graphene in Si-based LIB anodes will be highlighted in this section.
Research on the combination of Si and graphene began to surge since 2010, six years after the discovery of graphene. [84] [85] [86] Lee et al. first reported the application of graphene in a Si NP/ graphene paper composite. [84] Graphene adopted in their work was from the reduction of graphene oxide, prepared by the oxidation and exfoliation of graphite, which is a well-established method for the fabrication of graphene at a lab scale. [87] Si NPs were dispersed in water using sonication, and graphene oxide (GO) was later on added to the suspension. The aqueous mixture was further sonicated for uniform dispersion before the mixture was poured into a filter with vacuum suction. A thin paper-like Si-graphene oxide (SGO) composite was obtained. The self-supporting paper was used as electrode directly after the reduction of GO at 700 °C in Ar/H 2 atmosphere. Figure 10a is a microscopic cross-sectional view of SGO paper. Figure 10b shows the same composite after reduction of GO. Si NPs and reduced graphene oxide (rGO) sheets can be observed from Figure 10c . Figure 10d is the schematic illustration of the SG composite, where Si NPs are anchored in between layers of graphene sheets. The restacking of graphene sheets leads to the formation of graphite at the sites where Si NPs are not present. The intimate wrapping of Si NPs in graphene sheets enhances conductivity of the SG composite, and the restacking of graphene sheets at some parts can promote the conductivity of the composite at both horizontal and vertical directions. In addition, the paper-like composite achieves better mechanical strength from the partial restacking of graphene sheets. As the pioneering work of Si/graphene composite, the SG sample retained 50% of its original capacity after 300 cycles, much improved from bare Si NPs. The temperature effect of the reduction of GO was also examined, together with the ratio of Si NPs in the SG paper. More Si/G composites have been reported from the combination of Si NPs and graphene, including Si/G particles, free-standing films, and highly porous sponge-like composites, etc. [86, 88] In addition to Si/G composites built with Si NPs and graphene precursors, some auxiliary agents have been integrated with Si/graphene composites to further improve the performance of Si alongside graphene. These additives include Small 2018, 1702737 Figure 10 . Cross-sectional SEM images of a) SGO paper, and b) SG paper. c) TEM image of SG paper. d) A schematic drawing of SG paper. Reproduced with permission. [84] Copyright 2010, Royal Society of Chemistry.
alloying and doping agents, polymers, amorphous carbon, graphite, etc. [89, 90] Our group designed an in situ carbon network in Si/graphene composite with carbon coating on Si NPs and carbon rods interconnecting Si/graphene flakes. [91] Schematic presentation of the synthesis, a TEM image, and the electrochemical performance are shown in Figure 11 . Si NPs and GO were first homogeneously dispersed in water and freeze dried. The as-obtained sponge-like Si/GO composite was then placed in a CVD furnace from which GO was reduced in an inert atmosphere at an elevated temperature. Meanwhile, the additional carbon coating and carbon branches were realized by the CVD growth from a carbon precursor, namely, toluene in this case. The material was first examined by several essential physical characterization techniques, studying the morphological and compositional features of the sample. These techniques included thermogravimetric analysis (TGA), Raman spectroscopy, X-ray diffraction (XRD), SEM, TEM, energy dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy (XPS). It was found by TGA that Si weighed more than 70% in the composite. XRD confirmed the successful reduction of GO to rGO, and the retention of the crystalline phase of Si NPs. SEM and TEM were used to investigate the morphology of the composite. The lower-right image in Figure 11 is a TEM image of the Si-rGO-C composite; Si NPs can be seen well wrapped by rGO, and the created carbon branches interconnect graphene sheets. Compared to the Si-rGO composite without auxiliary carbon, the 3D Si-rGO-C shows much improved cycling stability at different charge and discharge rates, and the CE of the composite reaches above 99%. The composite shows no obvious decay after 100 cycles at a rate of 0.2 C, while electrode from bare Si NPs and Si-rGO composite loses most of their initial capacity over cycling, despite relative higher capacities were reached at the beginning. The CE of the prepared composite is also much higher over the bare Si NPs and Si-rGO composite. EIS confirms that Si-rGO-C possessed a lower initial resistance and displayed minimal increase in impedance over cycling compared to other two electrodes, indicating both better conductivity and more stable structure. The superior performance of the Si-rGO-C composite can be largely attributed to the effect of rGO wrapping and introduction of additional carbon, both of which help form a conductive and protective network for Si NPs.
Apart from the composites and derivatives from the combination of Si NPs and graphene, Si and graphene have been integrated together via other methods, where various morphologies of Si or synthetic methods of graphene are adopted. Si ranging from 0D particles to 1D NWs or nanofibers, 2D nanofilms, and 3D porous structures has been reported, [48, 63, 92, 93] and preparation of the used graphene varies from graphite oxidation and reduction, thermal exfoliation, to CVD growth. [94, 95] Another publication of interest is work by Ji et al. [96] The material was synthesized by simply mixing surface modified Si NPs with graphene oxide followed by drop casting on ultrathin graphite foam (UGF). After thermal reduction of GO, the electrode consisted of a graphite foam with rGO wrapped Si NPs deposited on its surface. The material was able to deliver up to 983 mA h g −1 , calculated based on the mass of the whole electrode. Compared to other work based on typically Cu foil current collectors of which the total electrode capacity are much lower (24 mA h g −1 ) if the mass of the Cu foil is taken into account. The high electrode capacity in this work was the result of the UGF current collector, while the cycle stability was more the effect function of the graphene encapsulation of Si. However, the cycle life of Ji's batteries were relatively poor compared other current Si/graphene composites, displaying a quick decline to only about 50% after a mere 100 cycles. Conceptually simple, the design is to take advantage of the ability of crumpled graphene sheets to expand and contract according to the volumetric change of Si particles, while the high surface area of UGF allows for a uniform and thin layer of Si NPs, which created a 3D electron conductive carbon highway.
Small 2018, 1702737 Figure 11 . Schematic illustration of the synthetic procedure, TEM image of the Si-rGO-C composite, cycling performance of Si-rGO-C and Si-rGO composites at different rates, and comparative cycling performance of Si-rGO-C, Si-rGO, and bare Si electrodes. Reproduced with permission. [91] Copyright 2016, Elsevier.
Our group used rGO as a support for the growth of Si NWs and obtained a composite with Si NWs anchoring into the corrugated rGO nanosheets. [97] The precursor for the growth was SiCl 4 , circumventing the toxic SiH 4 widely reported elsewhere, while nickel NPs were used as the catalyst, avoiding the commonly employed expensive gold catalyst for the CVD growth of Si. We utilized a silicide-assisted vapor-solid-solid mechanism, instead of VLS. The reaction occurred at 900 °C, well below the eutectic point of Ni-Si system (993 °C) required for the VLS growth of Si NWs. The stability of the obtained rGO-SiNW electrode greatly improved the cycling stability over bare Si NW electrode. After 30 cycles at various rates of up to 10 A g −1 , the cell was cycled at 2 A g −1 , and it remained highly stable with minimal capacity decay. This is a typical example of the implementation of 1D Si with graphene as LIB anode materials. Evanoff et al. reported a type of 3D porous micrometer particles made from curved 2D graphene sheets with a thin layer of CVD Si coating. [63] A thin film of Si on the surface of elastic graphene sheets can accommodate the volume change of the electrode during the cycling, and the specific surface area of a 2D film is smaller than that of the Si NPs and NWs, which is good for the stabilization of an SEI layer. The composite exhibits both good cycling stability and CE, with stable capacity retention of above 1000 mA h g −1 at 1.4 A g −1 and 99% for CE. CNT is another emerging star in a wide spectrum of applications, including drug delivery, [98] energy conversion and storage, [99] environmental applications, [100] etc. Like graphene, CNTs have also attracted intensive research interest in the combination with Si. CNTs can not only provide very good conductivity to LIB electrodes as a conductive agent, but also provide effective conductive network for Si when integrated with Si as Si/CNT composite. In general, there are three approaches to synthesize Si/CNT composites, namely, physical mixing, chemical bonding, and direct deposition of Si on CNT or CNT on Si. Physical mixing is a simple and effective way to improve good conductivity of Si composite, with the disadvantage of low homogeneity and thus lack of consistency in cycling performance. [101] Chemical bonding can provide a more intimate connectivity between CNTs and Si, however, the CSi bonds inevitably cause defects in the structure of CNTs. These defects lead to the decrease of conductivity, which is less favorable compared to the surface-surface interaction between CNTs and Si. [102] There has been research focusing on both the deposition of Si on CNTs and CNTs on Si. [101] Si/CNTs composites for LIB anodes debuted a decade ago, [103, 104] since when significant efforts have been reported on the development of various Si/CNTs composites. [105, 106] In 2006, amongst one of the earliest reported research on Si/CNTs, Shu et al. exhibited a cage-like CNTs/Si composite, where coiled CNTs were grown on the surface of Si with 1-2 µm in diameter. [104] The in situ growth of CNTs on Si particles displayed much improved wrapping than mechanically milled Si/CNTs composite. Authors also studied size effect of CNTs on the electrochemical performance of Si/CNTs composite. By varying the growth time, CNTs with average length of 400 nm and diameter of 30 nm, and CNTs with average length of 15 µm and diameter of 80 nm were grown on same batch of fine Si particles. The cage-like composite with long CNTs outperformed the one with shorter length in term of cycling stability. While the wrapping of CNTs on the surface of Si can provide an effective conductive network and SEI stabilizing matrix, enhanced wrapping with longer CNTs can further facilitate the electrochemical performance of Si/CNTs composite. A reversible capacity of 940 mA h g −1 was achieved after 20 cycles, with 80% capacity retention, which was a significant improvement over bare Si particles and superior over the Si/CNTs with shorter CNTs.
In addition to the physical mixing or chemical bonding of readily made Si and CNTs, the exceptional mechanical and structural properties of CNTs also inspire researchers to develop more unconventional Si/CNTs composites or electrodes. Wang et al. reported a heterostructure composed of nanosized Si dots deposited on vertically aligned CNTs (VACNTs) via CVD. [65] In their work, VACNTs were first grown on a quartz substrate via CVD using xylene and ferrocene as the precursor and catalyst respectively. SiH 4 gas was subsequently purged into the system for Si growth. Both SEM and TEM confirmed that Si nanocluster was firmly attached to the wall of CNTs. The average diameter of the VACNTs was measured to be 40-50 nm. The average size of Si nanocluster was around 40 nm. The Si/CNTs composite was then scratched from the quartz substrate and made into slurry before being cast on copper foil. The composite exhibited a specific capacity of more than 2000 mA h g −1 for the initial cycling, and displayed minor capacity decay over first 20 cycles. More interestingly, the capacity loss was decreased to 19.7% in the first cycle, which was a significant improvement over most Si/CNTs composites. The authors approached the explanation of the phenomena via the surface area decrease of the composite. The specific surface area of the pristine VACNTs was around 240 m 2 g −1 . Interestingly, the amount of Si deposition was found to be in a linear relation with the reduction of specific area. VACNTs function as the core of the Si/CNTs composite, and provide excellent mechanical and electrical properties and therefore enhanced kinetics for both electrons and Li ions. Meanwhile, the deposition of Si nanocluster helps reduce the specific surface area of the composite, and significantly alleviate the irreversible capacity loss in the first cycle, which is of great interest for practical applications. [107] Another notable design that preceded the idea of direct growing Si on CNTs was reported by Fan et al. [108] They directly grew CNT arrays on a nickel or stainless steel substrate, which subsequently served as a current collector. Si was grown on the outer wall of CNTs and formed a Si/CNT core-shell structure. CNTs were directly grown on a Ni/SS substrate via a plasmaenhanced CVD method. The Ni/SS with VACNTs was then used as a substrate for Si coating in a RF-magnetron sputtering system. An inverse cone shape Si/CNT structure was expected since the top of CNTs were more exposed to the sputtered Si. Figure 12a is an SEM image of VACNTs grown on the substrate. The length of the CNTs varies, while the uniformity of vacancy was well controlled. Figure 12b ,c shows the tilted and vertical view of the cone structure of the Si/CNT composite, with a visually apparent larger diameter on the top of Si/CNTs cones. The cone structure could be more beneficial than the uniform coated Si on CNTs in that the volume change of Si on the top of CNTs has less effect on the connection between CNTs and the substrate at the root. In addition, the Si on the top possesses better contact with electrolyte and provides faster Li-ion kinetics. A single piece of Si/CNT cone was capture by TEM shown in Figure 12d , in which Si, CNT, and Ni catalyst for CNT growth was clearly shown, and Si was seen closely attached to the wall of CNT. As shown in Figure 12e ,f, the composite exhibited excellent durability at different rates, and retained more than 1150 and 700 mA h g −1 at 8 and 15 C, respectively. [108] 
Si/Conductive Polymer
Conductive polymers such as polyaniline (PANI) and polypyrrole (PPy) have gained popularity among researchers across many different fields. These polymers can yield unique morphologies such as PANI flowers, nanospheres, etc. tuned by the temperature, pH and other reaction parameters. This represents a very tunable design approach for Si/polymer composite. Accordingly, many researchers have implemented them in a Si anode. [109] A relatively unique use of PPy was demonstrated by Du et al. as a protective coating layer on a porous-hollow Si sphere (PHSi). [110] The benefit of this PPy coating can be easily observed in the performance comparison between the uncoated and coated PHSi. The performance of bare PHSi was able to deliver over 3000 mA h g −1 on first discharge but with a low retention of 44% over 100 cycles. Without a coating to protect the Si, PHSi succumbs to the symptoms of constant volumetric expansion and retraction of Si material allowing for the continuous formation of fresh SEI layer. The consumption of electrolyte over cycles would increase the diffusion resistance, and compromise the cycle life. In contrast, PPy@PHSi was able to retain 88% of its initial 2500 mA h g −1 discharge capacity over 250 cycles. To investigate the reason for the increase in performance, Du proved the robustness of PPy@PHSi through EIS test, SEM, and TEM, indicating a clear lack of change in morphology (cracks) and resistance throughout cycling. The absence of any surface morphological change implies that a stable SEI layer could have been formed on the surface of PPy@PHSi. The reason why the PPy-coated PHSi is superior to bare PHSi is likely due to the protection of PHSi surface. Even if the PHSi's volume expansion is not directed inward, the PPy coating can possibly stretch over the expanding Si surface. This circumvents the need of an inward directed volume expansion presented in hollow Si morphologies.
In another work, Wu et al. utilized a Si/PANI composite, synthesized through the in situ polymerization of aniline with phytic acid as the acid precursor and a crosslinker. [111] The result is a unique porous hydrogel structure with Si NPs imbedded in its matrix both wrapped with PANI and interconnected by interparticle polyaniline bridge. This technique boasted a binderless electrode with good manufacturability. The Si/PANI composite hydrogel could be synthesized in a mere 2 min. Furthermore, due to the high viscosity of the hydrogel it could be effectively used as electrode slurry paste and directly casted onto a current collector with impressive battery performance. At 3 A g −1 the composited delivered 1100 mA h g −1 with voltage plateau still in the range of 0.3 to 0.01 V indicating fast ion transfer derived from the interconnected polyaniline network. Even at high discharge rates such as 6 A g −1 the composite was able to deliver a stable capacity of 550 mA h g −1 after 5000 cycles. Their group attributed the improved performance to the ability of the hydrogel polyaniline to accommodate the volumetric expansion of Si in addition to providing a protective flexible thin coating to facilitate the formation of a stable SEI layer. Although the loading was low (0.3 mg cm −2 ) the concept of a 2 min time interval between reaction and electrode casting was intriguing.
Si/Metal Alloys and Si/Metal Oxide Composites
In addition to the exhaustive survey on Si/C composites, researchers have also explored merits of Si/metal alloys and Si/ metal oxide composites as LIB anodes. Alloy metals can play unique roles in Si alloy anodes, despite their ability to reversibly store Li. Germanium, an element in the same group with Si in the periodic table, exhibits a high theoretical capacity of 1624 mA h g −1 , and undergoes less volume change during lithiation/delithiation than Si. In addition, the electrical conductivity of Ge is much higher than that of Si at room temperature. The low abundance and high cost of Ge make it difficult to be applied as a major material for LIB anodes. These factors make it advisable to combine Ge and Si as a LIB anode material. Abel et al. researched Si/Ge thin films with different Ge contents. [112] It was found out that the capacity retention of these film electrodes increases with higher ratio of Ge in the alloy. The enrichment of Ge also positively affects the rate capability of the Si/Ge electrode, making both high capacity and good rate capability achievable. Sn, another Li-active element in the same group with Si, has been found contributive to the structure retention of the alloys with Si, and thus the cycle life of these alloy anodes. [113] Other Li inactive metals have also been reported by researchers and attempted in commercial LIBs. [67, 114] Unlike alloys, Si/metal oxide composites usually render a core-shell structure. Similar to the previous concept with Si/C core-shell composites, a layer of coating layer on Si can serve to prevent direct physical contact of Si with the electrolyte. To add on this concept, Lee et al. has created a composite with surface coating layer consisting of a 20-30 nm thick Li silicate and Li titanate, and obtained an impressive boost in performance. [115] The multifunctional layers were believed to contribute to the increase of electrical and ionic conductivities of the composite, and the stabilization of SEI on Si surface. The composite was able to deliver 1000 mA h g −1 even after 1000 cycles at 1 C (67% retention). Additionally, rate performance tests were performed and the composite material was able to discharge ≈800 mA h g −1 at an impressive rate of 10 C, whereas the uncoated Si's capacity severely declined at a mere 3 C. The Li titanate and silicate coating plays several roles. The most obvious role is to serve as a protective layer like many other coatings, with a different and interesting mechanism. The Li-ion diffusivity is a few times higher in Li titanate (8.36 × 10 −11 cm 2 s −1 ) compared to SEI layer on pristine Si NPs (1.56 × 10 −11 cm 2 s −1 ), which offered a more efficient pathway for Li diffusion. Li titanate also has the unique ability to become electrically conductive upon discharge. Upon reduction, Li 4 Ti 5 O 12 is converted to the spinel Li 7 Ti 5 O 12 , possessing an electrical conductivity of 10 −2 S cm −1 , a large increase from the insulating state 10 −13 to 10 −9 S cm −1 . This means that as the cell is being discharged, the composite becomes more and more conductive. Furthermore, Lee found a constant interatomic distance from the radial distribution function from extended X-ray absorption fine structure. The group claimed this to be proof that a stable SEI layer has formed on the surface of Si NPs. Table 1 summaries the electrochemical performances of various Si morphologies, structures, and composites. Synthesis methods of different types of Si anodes are provided along with their capacity and cycling information. To fairly judge the promise of a material, many more factors should be taken into consideration. Therefore, it is desirable that researchers in this field put more emphasis on the practical aspects of new materials developed. These aspects may include cost, electrode and fabrication details, full-cell LIB data, etc.
Effectiveness of Electrolyte Selection, Binder Design, and Electrode Engineering Toward Practical Si Electrodes
In addition to the tremendous efforts that have been focused on the development of Si structures and composites, other key factors affecting the performance of Si anodes have been broadly researched. Upon selection and commercialization of the most promising active material (Si) architecture, these will be the only main factors left for optimization to improve Si performance. In addition, to realize the practical application of Si anodes, more factors have to be taken into consideration other than specific capacity and cycle stability, e.g., fabrication simplicity and cost, realistic electrode capacity, electrode thickness control, and overall feasibility in actual batteries. While it is demanding for every investigated electrode or method to address all these issues, there is a trend in recent research to cover these practical aspects via combined approaches. The following section will discuss research efforts that have been made on the non-Si components of the cell, and novel electrode designs and engineering techniques.
Electrolyte Selection
The function of electrolyte is to provide an efficient Li-ion conduction pathway while simultaneously being electronically insulating. In order to obtain high ion conduction efficiency, the electrolyte must possess a high dielectric constant and a low viscosity at common operating temperatures. [116] Furthermore, since Si is acting as the anode, common electrolytes with solvent combination of ethylene carbonate (EC) and diethyl carbonate (DEC) or dimethyl carbonate (DMC), etc. will inevitably be reduced within the lithiation potential range of Si. [117] The only remaining factor for engineers and scientists to tweak is the successful formation of a one-time, stable SEI protecting Si surface from any further SEI growth. As previously discussed in detail, this presents a major problem for Si due to constant volume change, pulverization, and the resulted generation of new surface area allowing for new SEI formation. [118] The mere contraction and expansion of Si further result in the unfavorable detachment of SEI from active material's surface, which again revealed fresh surface area for additional SEI formation. Electrolyte researchers have sought for means to tackle these issues from electrolyte salts, solvents, and electrolyte additives.
Small 2018, 1702737 Among these possible solutions, electrolyte salts and solvents are relatively more established due to the intensive research on electrolytes for regular LIBs. Electrolyte additives, which can be specifically elected or tailored to address issues of Si, represent a promising direction in improving performance of Si anodes. Electrolyte additives, including succinic anhydride, [119] Li bis(oxalate)borate (LiBOB, [120] Li difluro(oxalato)borate (LiDFOB), [121] vinylene carbonate (VC), [122] fluoroethylene carbonate (FEC) [123, 124] have been reported to increase both cycle life and CE. An interesting publication by Dalavi et al. has performed direct comparison among most of the above electrolyte additives. [121] Although mechanistic discussion was minimal in this work, it nevertheless provided a good overview of what is expected from each additive under the same experimental conditions. Figure 13 displays the cycling performance for each electrolyte additive. It is apparent that changing the solvent from EC to propylene carbonate (PC) has quite a detrimental effect on the performance of the cells in terms of cycle life. Additionally, since the cycle life degradation is most likely due to severe SEI formation and reformation, the CE of PC is also very poor. This indicates that at each cycle the PC electrolyte is continuously decomposed with little passivation (protection) effect. This phenomenon is further amplified by pulverization of Si upon cycling, generating even greater surface area for PC to decompose upon. PC-based electrolytes have also been previously reported to be incompetent in maintaining SEI stability, and is known to intercalate into graphite layers, causing exfoliation of graphite layers. [125] When the other additives were compared to each other, Dalavi's work implied that the most effective electrolyte additives are FEC and VC. Both of these additives were able to maintain a high capacity retention and CE.
EC and DEC decompose during cycling, depositing polymeric and oligomeric materials on the surface of Si. LiPF 6 decomposes on the surface of the anode active material, be it graphite or Si, LiF is formed in SEI. There have been debates about the role of LiF in SEI, and a comprehensive survey is yet to be accomplished to further understand it. [126] VC decomposes prior to the decomposition of EC and DEC at about 1 V versus Li + /Li, forming an electrolyte impermeable SEI layer on the surface Si. [127] SEI layer formed by unmodified EC and DEC electrolyte is still slightly electrolyte permeable. [128] It is important to remember the critical properties of an SEI are to be able to transfer Li ions but at the same time remains impenetrable to electrolyte. With the formation of a VC derived initial SEI layer, electrolyte molecules are physically separated from Si and effectively prevented from further decomposition on Si surface.
FEC is one of the most popular electrolyte additives reported in many peer-reviewed articles. Complementing its stable cycle performance, it also has many benefits such as possessing a low melting point and low flammability. [128, 129] Since FEC generates VC, it can be expected that it protects the Si in a similar fashion. [124] Xu et al. worked on elucidating the mechanism of which FEC undergoes to benefit as an additive. [130] Similar to previous papers, Xu has compared a FECadded electrolyte system with an additive-free Si LIB. The result obtained is consistent with previous reports, displaying drastic improvement in capacity retention and CE. Through SEM analysis (Figure 14) , one can observe the apparent effect of FEC. After cycling for 80 cycles, there appears to be minimal fracturing of the surface of the electrode. Although these fractures are visually observable on the macro scale, it still contributes to the overall increase in SEI formation surfaces. In addition, Si particles in the FEC modified cells appeared to have a significantly more compact SEI layer compared to the bulky SEI layer encompassing the Si particle in the unmodified cells. This would result in a lower mass transfer resistance for the FEC modified cells.
Xu attributed this difference to the fact that FEC decomposes at the voltage of 1.3 V versus Li + /Li, much higher than that of EC and DEC. From XPS data of the fresh electrode and electrodes discharged to 0.9 V (before the onset of EC and DEC decomposition), there is slight drop in the carbon signal of the SEI layer. In combination with a shift of the C 1s peak from 290 to 290.8 eV, this peak is typically assigned to the carbonate species, but this shift is most likely due the formation of a form of fluorocarbonate, a product likely from the ring opening of FEC. [131] This suggests that FEC is the first to decompose during discharge, providing an opportunity to build a protective layer on the surface of Si before the EC/DEC decomposition occurs. [129] Another benefit of FEC could lie in its ability to form higher fluorinated phosphoric oxides. These new species could interact with and stabilize the intermediate decomposition products of LiPF 6 , ultimately suppressing any further Small 2018, 1702737 Figure 13 . Cycling performance of Si electrodes with various electrolyte additives, in terms of a) efficiency, and b) discharge capacity. Reproduced with permission. [121] Copyright 2012, The Electrochemical Society.
decomposition. To summarize, Xu claimed that not only is the thickness of the SEI an important parameter but also the chemical composition and structural properties of the material. This is conceptually very important, as FEC decomposes on the Si, it effectively creates a Si/polymer composite. Therefore the benefits of FEC are potentially not only in terms of chemistry, but also structural integrity similar to other various Si/C composites. Hence, the mechanical properties, be it the SEI's stiffness or elasticity, could be tuned to provide new direction for future Si LIB electrolyte research.
Some exemplary research on four typical electrolyte additives (FEC, EC, LiBOB, LiDFOB) for Si anodes is outlined in Table 2 . The plausible working mechanisms and contributions to the electrode performance, and their drawbacks or limitations are also summarized based on the corresponding research.
Binder Effect
The role of binder in an electrode is to act as a glue to adhere all parts of the electrode slurry together and to the current collector. The binder should also be able to alleviate the stress induced during the electrode drying process, maintaining the mechanical integrity of the electrode. Moreover, the binder should have minimal swelling in the electrolyte, be flexible, conduct Li ions (for LIB), and remain stable in the voltage ranges experienced during cycling. Other more "luxurious" properties of a binder are electrical conductivity, and solubility in nontoxic solvents. [139] In this section, we will discuss what properties of binder are especially influential to the performance of a Si anode; the battery binder should be able to protect the Si from continuous SEI formation in addition to mitigating the volume expansion of Si. One of the most common binders used for LIB is PVDF and has been a benchmark for comparison, and a topic for scrutiny for many publications in the field of battery binder. [140, 141] PVDF has been known to swell significantly in organic solvents, gaining upward of 130% in electrolyte uptake. Chen et al. have showed the corresponding consequence through the swelling ratio test, where the mass of the binder is weighed Small 2018, 1702737 Figure 14 . SEM images of: a,b) pristine Si electrodes, and cycled electrodes using commercialized electrolyte LP40 (1 m LiPF 6 , ethylene carbonate (EC)/diethyl carbonate (DEC)); c,d) with and e,f) without 10% FEC. Reproduced with permission. [130] Copyright 2015, American Chemical Society. [123] 10%, [124, 130, 132] 5-25% [133] Rapid formation of SEI upon cycling, smooth, thin, and stable SEI, high content of polycarbonate in the SEI Reduced irreversible capacity, stable cycling, enhanced endurance at high temperature Relatively lower initial CE, accumulated LiF might be detrimental to SEI VC 1%, [134] 2%, [135] 3% and 6%, [133] 10% [136] Smooth and stable SEI, improved polymeric nature, and lower content of LiF in SEI Improved capacity retention and CE CO 2 generation, observed increase in cell resistance LiBOB 5%, [121] 0.13-0.5 m [137] Reduced consumption of Li and active Si, prevention of decomposition of other electrolyte components Improved thermal stability, modest improvement in cycling performance
Thicker SEI, relatively less performance improvement compared to FEC and VC LiDFOB 1% [121, 138] Reduced electrolyte viscosity, stable SEI, higher solubility than LiBOB in carbonates Good for high and subzero temperatures, forming better SEI than LIBOB, beneficial to both cathodes and anodes
Modest electrochemical performance improvement, high cost before and after absorption of electrolyte. The percent mass increased is defined as the "swellability." A sufficiently swellable binder loses some of its adhesion ability, which could allow for movement of Si particle upon pulverization and ultimately facilitate detachment of Si material from the conductive matrix.
Another disadvantage of PVDF is the lack of polar functional groups. Its symmetrical fluorine-bonded carbon backbone balances any dipole and can only offer weak van der Waals interaction. That implies that the PVDF cannot intimately wrap around the Si particles. This is particularly disadvantageous as other binders such as carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR) with CMC, Nafion, poly acrylic acid (PAA) and carboxymethyl chitosan all have some form of strong dipole or charge that has been claimed to interact with hydroxyl groups on the Si surface. [142] [143] [144] [145] Song et al. reported a PAA-PVA crosslinked binder material for Si, which is rich in hydroxyl and carboxylic acid functional groups. [142] The hydrogen or covalent bonding between the polar groups of the binder and the hydroxyl groups of silica on the surface of partially oxidized Si (Figure 15 ) has been held responsible for better adhesion. Upon repeated lithiation and delithiation, Si and carbon black conductive agent remained trapped inside the interpenetrated gel. The binder effectively enhanced the cycling stability of Si NPs. With an initial capacity of around 2660 mA h g −1 , the electrode retained 1830 mA h g −1 (68%) after 300 cycles at 1 C. In addition, the electrode delivered a high areal capacity of 4.3 mA h cm −2 , comparable to commercial graphite anodes. It is also interesting to note that the active material was commercial Si NPs. Si was directly applied in the electrode fabrication without any further modification or engineering on Si, suggesting that the performance enhancement was achieved Small 2018, 1702737 Reproduced with permission. [142] Copyright 2014, Wiley-VCH.
solely through the selection of binder. The electrode fabrication process resembled much of the commercial process. Considering the stable cycle performance, and the high areal capacity, this research has developed a low-cost and scalable approach to fabricate Si anodes, with competitive electrochemical performance compared to commercial graphite anodes.
The benefits of enhanced binders have been further theorized to form a protective layer on the surface of Si, very similar in concept to that of carbon and other polymer coatings (PANI, PPy). [146] Due to hydrogen bonding, certain binders can form a protective layer with Si and even contain pulverized Si particles. [147] In a more recent research published by Cao et al., crosslinked PAA-CMC was utilized as a binder for Si anode. [148] The binder was found to be helpful in the formation of a protective SEI on Si via the reduction of PAA during the first cycle. In addition, the Lewis basic CO 2 Na group, which is rich in the binder, was proposed to nullify generated HF via the following mechanism COONa HF COOH NaF
This suggests that binder materials can contribute to the improvement of Si battery performance via the stabilization of SEI, in a similar manner to some work on electrolytes. Although hydrogen bonding is important, forcefully increasing polarity of a polymer while compromising other properties such as flexibility is not desirable, indicating an optimization problem. Similarly, a binder with zero swellability is also not desirable and results in drastically decreased Li-ion conduction through electrolyte. [149, 150] Simply having surface interaction is regarded as insufficient in ensuring conservation of electrode architecture. Researchers have claimed that it is possible for binders with long nonbranched chains to slide during the volume expansion of Si. Once it slides, it can result in migration of Si toward one another rather than stretching out of the polymer. Researchers have looked to use crosslinked polymers to create a binder super structure preventing interpolymer chain sliding [142] [143] [144] and have found impressive improvement in performance as shown in Table 3 .
However, mitigation of Si structure deterioration alone cannot assure the good cycling stability of Si electrodes. Major challenges for 0D Si nanostructures stem from the loss of electrical contact. In traditional slurry preparation process, Si active material is mixed with a conductive additive and a binder, and the repetitive volume changes of Si over cycling can lead to the disconnection of Si from the conductive network. Binders that possess strong interaction with Si's hydroxyl groups can partially mitigate loss of electrical contact by reducing the migration of Si materials. A more direct approach is use a type of inorganic glue which can fuse Si particles together and bind them to the conductive network or current collector. [154] In Cui's work, a layer of amorphous Si was deposited as inorganic glue over carbon-coated crystalline Si particles on a stainless-steel foil. This method not only demonstrated improvement on cycle life of nano-Si, but also enhanced the stability of micrometersized Si in half cell tests. In the electrochemical characterization section, the authors used a constant charge capacity (CCC) technique for their coated electrodes and control electrodes, which limited the capacity and thus the amount of Li that can be inserted in the anode. All electrodes were cycled with an Small 2018, 1702737 It is desirable for a binder to be able to deliver electrons to the Si material as it can decrease the chance of Si detaching from the electric circuit. There is no longer a need or firm requirement to ensure a good interface between binder, conductive additive and Si. The Si can more easily maintain electrical contact even if it migrates throughout cycling. Furthermore, because the binder serves the dual purpose of conductive network and binder, conductive additives are no longer needed, raising the overall energy density of the slurry mixture. Wu et al. have synthesized a polymer binder derived from a combination of the following monomers, fluorene with octyl side chains, fluorine with triethylene oxide monomethyl ether side chains, methyl benzoate ester, and fluorenone. [150] Rationally, each component of the polymer was assigned a type of functionality and hence can be used to tune the final properties of the poly mer. Other researchers demonstrated improvement in performance after using copolymer of PPy and PAA, [155] crosslinked PAA with PANI polymerized within its structure [156] and methacrylate methacrylic acid-PPy copolymer as binders. [155, 157] Liu and co-workers reported a bifunctional polymer material with tailored electronic structure, poly (9,9-dioctylfluorene-cofluorenoneco-methylbenzoic acid) (PFFOMB), which was found to bear good electrical conductivity and robust mechanical binding with Si. [153] This material can function as both a binder and a conductive agent, and the traditional carbon conductive additives can be eliminated. As shown in Figure 16 , unlike traditional electrodes made with Si NPs, which suffer from broken electric contacts over cycling, the reported Si/PFFOMB composite can maintain good electrical conductivity, avoiding break-up of Si NPs from the conductive network. This research also confirmed that the PFFOMB polymer has a significantly lower energy level of the lowest unoccupied molecular orbital (LUMO) compared to other binders via synchrotron-based soft X-ray absorption spectroscopy. It was found that the high electrical conductivity of polymers for anodes in reducing environment can only be maintained in polymers that can be cathodically (n-type) doped, i.e., lower LUMO. [158] The highlighted carbonyl and methylbenzoic ester function groups in PFFOMB in Figure 16c are largely responsible for tailoring the conduction band and enhancing the mechanical binding with Si, respectively. The as-prepared Si/PFFOMB anode showed superior stability over other Si composites, including Si/AB/PVDF, Si/ PAN, etc. The composite also presented excellent capacity retention after long cycles, with a high efficiency. After 650 cycles at C/25, the specific capacity of Si in Si/PFFOMB electrode still presented 2100 mA h g −1 . The CE for Si/PFFOMB electrode mostly remained above 99% over the cycling.
Another type of novel binder materials are self-healing poly mer (SHP) binder materials. A notable example is the selfhealing chemistry research reported by Wang et al. [147] In their work, micrometer Si particles were used as the active material. Over charge and discharge, micrometer Si inevitably pulverized due to volume change, while the micrometer Si in Si/SHP composite was retained in the SHP coating layer. The conductivity of SHP was realized by blending conductive carbon black NPs into SHP. Abundant hydrogen bonding is the main reason for the self-healing behavior of SHP. Additionally, this polymer's amorphous structure, as well as low glass transition temperature (T g ), could both facilitate the rearrangement diffusion to fractures sites and the subsequent remixing of poly mer chains. The conductivity of as-prepared SHP coating on an inflatable balloon was measured to be around 0.25 S cm −1 with the addition of carbon black NPs. The value decreased by 10 times once the balloon was inflated, but it was able to restore to its original Small 2018, 1702737 Figure 16 . Schematics of a) Si electrode fabricated with traditional binder, before and after lithiation. b) Conductive binder coated Si before and after lithiation, maintains a much better conductive framework than the traditional electrode above. c) Molecular formula of PF-type conductive polymers, and PFFOMB with tailored conduction band and mechanical binding property. Reproduced with permission. [153] Copyright 2011, Wiley-VCH.
value upon full deflation. Si electrode using SHP binder showed much longer cycle life compared to those with traditional alginate, CMC, or PVDF binders. The stability of Si/SHP electrode also revealed good stability at various rates from 0.2 to 2 A g −1 . At 2 A g −1 , the electrode still maintained a capacity of around 1400 mA h g −1 .
Unconventional Electrode Engineering
Unlike traditional carbon-based anodes and Li metal oxide cathodes, Si faces unprecedented challenges arising from its volume changes, unstable SEI, and some other associated problems. Most efforts on Si have been focused on the design and fabrication of Si materials so far, while the work on electrode design and processing provides another unique route for the improvement of Si electrodes. The efforts on electrolytes and binders have been proven to be effective and practical in improving performance of Si electrodes, and it is encouraging for other research focusing on aspects other than Si structures and composites. To achieve the overall satisfactory performance of Si as practical anodes in LIBs, it is interesting and pragmatic to design and engineer Si electrodes at the electrode scale.
Si NWs were reported to be synthesized directly on a stainless-steel substrate by Cui et al. [159] In their work, traditional binder material and conductive additive were eliminated. Good mechanical and electrical properties of the crystalline-core and amorphous-shell Si NWs enabled long cycle life and fast charge and discharge. The electrode demonstrated high capacity retention after 100 cycles, and excellent rate performance at a high charge and discharge rate of 1.6 C (6.8 A g −1 ). Their work inspired more researchers to use the similar concepts, extending interests on self-standing electrode materials, bendable and flexible electrodes, and other unconventional electrode designs. [32, 93, 156] Liu et al. reported a flexible Si electrode with Si NWs spray-coated on a carbon-cloth (CC) substrate. The Si NWs-CC electrode delivered specific capacity of as high as 3000 mA h g −1 , and excellent cycling stability with capacity retention of 92% after 200 cycles. It is important to note that the loading density of the active Si NWs on the electrode can reach as high as 3.5 mg cm −2 as per calculated, which makes it comparable to commercial graphite electrode with more than 30 mg cm −2 , making it potentially applicable in flexible batteries for wearable devices. [160] Our group has reported a flash-heat-treatment method (FHT), in which the Si-containing slurry was coated to copper foil prior to heat treatment and the subsequent battery fabrication process. [161] In this method, the Si-containing electrode material was in situ synthesized on copper foil substrate, with the elimination of traditional electrode fabrication process. Si NPs and PVDF with a ratio of 6:4 were uniformly dispersed in NMP, without any conductive additive. The Si-PVDF slurry was coated on a regular copper foil and then subjected to the flashheat-treatment. Specifically, Si electrodes produced via FHT bear several key advantages. First, the synthesis is particularly simple and economical with potential for mass production. Second, the FHT process creates a C/SiO 2 outer shell that can restrict volume expansion of Si and help stabilize SEI layer. Third, a dense and interconnecting network was generated from the carbonization of PVDF, which improved the electrode integrity and boosted the electrical conductivity. Interestingly, a thin layer of graphene was found after FHT treatment with the presence of copper foil, which served as a catalyst for the conversion of carbonized PVDF to graphene. All these factors synergistically contributed to the improved cycling stability and rate performance (1150 mA h g −1 after 500 cycles and at a discharge rate of 1.2 A g −1 ).
Our group has furthered this methodology with the discovery of synergistic effect in the Si-sulfur-graphene system. [162] Sulfur-doped graphene (SG) was first prepared. Similar to the aforementioned FHT method, slurry with 60% Si NPs was prepared in DMF with additives including SG, PAN, and GO. After coating and drying of the slurry on a copper foil, the coated foil was punched into the size of coin cell electrodes. The as-prepared electrodes were placed in a tube furnace and heated at 450 °C in argon atmosphere for the cyclization and partial carbonization of PAN, forming an interconnecting and robust structure containing Si NPs and SG sheets. In this electrode, cyclized PAN and SG synergistically interact with Si and form a unique 3D structure, which provide good elasticity and enough void space to accommodate the repetitive volume change of Si. Stable cycling of more than 2000 cycles at the rate of 1 A g −1 was reported, superior than most of the reported work with Si anode, and very competitive among the current commercial anode materials. Further efforts were made to explore the mechanism behind the observed high performance. 
Silicon Full-Cell Designs
For early-stage research purposes, Si anodes were commonly tested as a cathode versus Li metal or in what is known as a Si half-cell. With the continuous advancement in Si anode research, there is a trend in academia of pairing the as-prepared Si anodes with commercial cathodes to evaluate the full cell performance. As Si is regarded as an replacement to graphite anodes, the corresponding cathode of choice are LiCoO 2 , [94, 163] LiFePO 4 , [164] [90] etc. [166] Fabrication of a full-cell Si battery presents a more practical evaluation of the cells and brought research one step closer to practical application. With a full cell, estimates of specific energy, specific power, and overall energy densities can be more accurately evaluated and compared to commercial LIBs with carbon-based anodes. Early work by Cui et al. has demonstrated a Si NW anode of 1 mg cm −2 loading paired with a 10 mg cm −2 of LiCoO 2 was able to deliver 80% capacity retention, similar to the cell with Li metal as anode. [163] Furthermore, a commercially comparable areal capacity of 4 mA h cm −2 was achieved with the full cell using Si NW anode. Moving on to a recent publication, Son et al. fabricated a full cell in a 18650 type (Figure 18 ) battery with a slightly lower specific areal capacity of 3.8 mA h cm −2 , but estimated a volumetric energy density of 972 Wh L −1 even after accounting for the thickness of the separator, electrodes, and current collector to be about 105 µm. [94] Compared to the commercial batteries, this Si LIB has an 80% increase in volumetric energy density and has a cycle retention of 72% after 200 cycles. The electrolyte typically used for a Si anode half-cell (1.1 m LiPF 6 in EC, DME with FEC additive) was used in Si anode and Li metal oxide full cells.
Interestingly, recent analysis by Pope et al. has forecasted lithium-sulfur battery's gravimetric and volumetric energy density for a given areal loading of sulfur. [167] Although theoretical, this work comprehensively took into account the components in a battery (electrolyte, separator, current collectors, binder, and conductive additives) and should serve as a good indicator of the relationship between areal silicon loading and practical energy densities. Revisiting and applying a similar energy density forecasting model developed by Pope, we have developed a similar but critical relation for silicon anode fullcell batteries, with the widely used LiCoO 2 as cathode. Detailed calculations can be found in the Supporting Information.
One important benefit of any energy density forecasting is the identification of the point of diminishing return. Increasing the active material mass loading does not linearly increase the energy density of any given cells. This is due to the other components that scale with increasing active material content such as binder, conductive additive and etc. From Figure 19a ,b, there appears to be a plateau in both the gravimetric and volumetric energy density for Si based battery at around 15 mg cm −2 with noticeable diminishing returns starting at ≈2 mg cm −2 . Therefore, from our model it would appear that improvements beyond 15 mg cm −2 would be unnecessary for achieving practical Si anodes.
Furthermore, it appears that a Si electrode with an achievable 1000 mA h g −1 can surpass the commercial LIB (LiCoO 2 cathode and graphite anode) in terms of both gravimetric and volumetric energy density. The theoretical energy density of a LiCoO 2 paired Si full cell can be found as the 4200 mA h g −1 curve (Figure 19a,b) , indicating a maximum gravimetric energy density of 410 Wh kg −1 and a volumetric energy density of 1570 Wh L −1 . Assuming a discharge capacity of 3000 mA h g −1 when normalized against silicon, and a relatively low areal loadings of 2 mg cm −2 , such cells are forecasted to possess roughly 1100 Wh L −1 and 300 Wh kg −1 . While 300 Wh kg −1 is a minute increase from commercially available LIBs, the volumetric energy density (1100 Wh L −1 ) is almost double. Certain applications of batteries require different operating parameters such as volume versus mass based energy density. When paired with a LiCoO 2 cathode, a Si full cell can be applied in volume sensitive applications such as portable electronics. Depending on the cathode, a Si full cell can be tuned to different applications. (b-d) . e) A schematic explanation of the material before and after cycling, illustrating the delocalization of Si onto the surface of SG after Si amorphization and bonding with S. Reproduced with permission. [162] Copyright 2015, Nature Publishing Group.
In addition to the traditional Li metal oxide cathodes, another popular field of research is the sulfur cathode. Research publications in sulfur battery usually dubbed the technology "lithium-sulfur battery" (LiS) implying the use of a Li metal anode. Regarded as the holy grail of battery technology, a Li anode for LiS possesses many advantages but simultaneously is plagued with a plethora of technical challenges. From a safety and cycle life point of view, the anode currently could not be viewed as commercially ready for secondary batteries. In its place, Si has a great potential in being a safer and easier candidate to implement. According to our Figure 19c,d , a SiS cell would be superior to a Si/LiCoO 2 batter in terms of gravimetric energy density. However, a SiS cell is in actuality inferior to a Si/LiCoO 2 battery when comparing volumetric energy density. This is understandable because of the drastic decrease in active material density (4.9 g cm −3 of LiCoO 2 to 1.96 g cm −3 of sulfur). Research on a Si-S LIB (SiS) has only recently increased, with less than 20 publications from 2011 to 2016. This is most likely due the difficulty in implementation of both the Si anode and the sulfur cathode. The challenges of a sulfur cathode mainly stems from the electron insulating nature of sulfur and the dissolution of the sulfur into electrolyte during discharge and charge leading to the polysulfide shuttle effect. With research in both areas booming, researchers have finally dedicated some tentative efforts on the SiS battery. As the SiS battery does not contain Li metal, the Li has to be incorporated in the cell through some lithiation procedure, with the possibility in both cathode and anode. Whether the sulfur or the Si electrode is to be prelithiated is still not well established with researchers adopting both methods and sulfur lithiation [172, 173] ). The method of lithiation also varies significantly between groups with researchers utilizing pressure activated stabilized-lithium-metal-powder (SLMP), [106] half-cell lithiation, [171] use of purchased Li 2 S. [172] One important advantage of half-cell lithiation is the activation and stabilization of either the Si or sulfur electrode prior to full cell assembly. This provides the full cell with at least one stable electrode to cycle. Obviously, this method is less practical as it requires an Figure 18 . a) Realistic illustration of increase in volumetric energy density from graphite to Gr-Si electrode in an 18 650 cell case. b) Volumetric energy density versus cycle number of Si full cell (blue, upper) and commercial LIB (black, lower). Reproduced with permission. [94] Copyright 2015, Nature Publishing Group. extra step in manufacturing whereas usage of SLMP includes a simple modification to the slurry composition but with more sophisticated raw material.
In terms of electrolyte selection, there has been minimal to no research on the effect of different electrolytes on a SiS system with most SiS publications utilizing LiS electrolyte. This electrolyte usually contains lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) and Li nitrate (LiNO 3 ) in 1,3 dioxolane and dimethoxymethane. [169, 172] Another choice of electrolyte is Li trifluoromethane sulfonate (LiCF 3 SO 3 ) salt in tetraethyleneglycole dimethylether (TEGME) solvent, [168] also an electrolyte used in LiS field of research. Selection of such electrolytes is mainly to avoid the nucleophilic attack of carbonate-based electrolytes by polysulfide species. [174] A recent publication from Li et al. elaborated a full lithiated Si-S cell, in which a honeycomb-like S copolymer on 3D graphene was used as the cathode and a 3D lithiated Si-G network was employed as the anode. [175] Both the cathode and anode utilized the 3D graphene as the backbone for the loading of Si and S (Figure 20a) . The 3D electrode structure was claimed to provide the necessary high electronic conductivity and buffer space for both the Si and S volume change. The S copolymer on the 3D graphene network possesses large amounts of covalent bonds, inhibiting the dissolution of polysulfides. Selected voltage profiles of the fabricated Si-S cell were displayed in Figure 20b at a current density of 0.27 A g −1 . Despite being lower in operating voltages than that of commercial LIBs, the reported Si-S cell exhibited an overall energy density of more than 1100 Wh kg −1 , which is much higher than that of the commercial cells with energy densities less than 300 Wh kg −1 . More than 86% of its initial capacity was retained after 500 cycles, corresponding to a decay rate of only 0.028% per cycle.
Summary and Outlook
Over the past two and a half decades, LIBs have rapidly emerged as an indispensable part of our society, rooted in the application of a wide range of portable electronic devices, as well as other large scale devices or projects. However, as the current LIBs are approaching their theoretical capacity limits, there is little room to further increase their energy density by improving battery design based on the traditional materials science and methodology. The high-energy demand from applications including EV has intensively fueled the quest and research for new LIB technologies that were previously thought to be impractical. Si exhibits a theoretical Li storage capacity as high as 4200 mA h g −1 , much higher than that of the currently dominating carbon-based anodes. Along with its high abundance and good environment compatibility, Si has been deemed as a potential replacement of carbon-based anodes and garnered tremendous research attention. This review has illustrated the advantages of Si anodes, together with the operating mechanisms and underlying challenges that remain to be solved for the successful commercial implementation of Si anodes. During a typical lithiation process of Si anode, pristine Si alloys with Li, and forms different types of Li x Si y , depending on the degree of lithiation. The theoretical stoichiometric limit of the lithiation of Si is the formation of Li 22 Si 5 , corresponding to the aforementioned high capacity. It is also important to note that both lithiation and delithiation of Si versus Li + /Li are below 0.5 V, lower than most other alloy-type or metal oxide anodes. This can contribute to a high operating voltage of a full-cell LIB, and thus a high energy density. During the lithiation and delithiation process in a bulk Si anode, there exists both substantial Li concentration gradient and stress gradient. Further considering the semiconducting nature of Si, the actual capacity is expected to be lower, and the electrode structure is prone to fracture due to 300% volume increase upon full lithiation. To make matters worse, an unstable SEI repetitively grows, isolating the active material, and drains electrolyte. The volume effect and unstable SEI finally lead to the pulverization of electrode, low CE, and short cycle life of Si-based LIBs.
A comprehensive discussion of various research directions targeting these issues has been presented. To begin with, it is crucial to engineer Si to be below a certain dimension to avoid structure failure due to volume change. Researches focusing on different morphologies, ranging from 0D Si particles, to 3D Si structures, have been reviewed, with special focuses on lithiation mechanism, advantages over bulk Si, and synthetic routes of various Si morphologies. Both physical and chemical methods have been commonly used for the preparation of Si nanostructures, including ball milling, sputtering deposition, PVD/CVD, chemical/electrochemical etching, reduction of silica. With that covered, some special attention is given to the recent effort micrometer-sized Si, which can be of more commercial interest. In general, there are two methodologies for the design of micrometer-sized Si with improved cycling performance in a LIB. One is the engineering of 3D structures of Si, with nanofeatures. The other strategy is to incorporate nanosized Si onto a micrometer-sized host, such as graphite, and various carbon frameworks.
Long cycle life and good rate performance of Si-based anodes are usually more frequently observed with composites derived from nanostructured Si. This section of the review is more focused on the concepts and methods involved in the preparation of these composites, their physical properties and electrochemical performance. Carbon has been most widely adopted in the construction of Si-based composites, from simple carbon coating or mixing with Si, to the core-shell/yolk-shell structure construction, combination with graphene and CNT, hierarchical or 3D Si-C structures, etc. Conductive polymers, metal oxides, and some other noncarbonaceous materials have been adopted in Si composites. Other than the study on Si morphologies and development of various Si-based composites, there has been emerging research interest on auxiliary elements in a battery, such as electrolyte cosolvents, electrolyte additives, and functional binders, which play a unique role in creating a stable SEI layer, and helping maintain the electrode structure and conductivity. Despite the fact that nano-Si is more favorable in delivering high specific capacity and stable cycle performance, it is important to bear in mind the nanoapproach is not a panacea, and the ultimate target of the research on Si anodes is to obtain commercially competitive anodes, considering all practical aspects. While the problems associated with Si anodes cannot be fully solved with a single approach, a proper combination of the afore-mentioned strategies is highly desirable to achieve overall satisfactory performance and can be the key to the extensive commercialization of Si-based LIBs.
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